Background: Adipose tissue (AT) can be classified into white and brown/beige subtypes. Chemical shift encoding-based water-fat MRI-techniques allowing simultaneous mapping of proton density fat fraction (PDFF) and T 2 * result in a lower PDFF and a shorter T 2 * in brown compared with white AT. However, AT T 2 * values vary widely in the literature and are primarily based on 6-echo data. Increasing the number of echoes in a multiecho gradient-echo acquisition is expected to increase the precision of AT T 2 * mapping. Purpose: 1) To mitigate issues of current T 2 *-measurement techniques through experimental design, and 2) to investigate gluteal and supraclavicular AT T 2 * and PDFF and their relationship using a 20-echo gradient-echo acquisition. Study Type: Prospective. Subjects: Twenty-one healthy subjects. Field Strength/Sequence Assessment: First, a ground truth signal evolution was simulated from a single-T 2 * water-fat model. Second, a time-interleaved 20-echo gradient-echo sequence with monopolar gradients of neck and abdomen/pelvis at 3 T was performed in vivo to determine supraclavicular and gluteal PDFF and T 2 *. Complex-based water-fat separation was performed for the first 6 echoes and the full 20 echoes. AT depots were segmented. Statistical Tests: Mann-Whitney test, Wilcoxon signed-rank test and simple linear regression analysis. Results: Both PDFF and T 2 * differed significantly between supraclavicular and gluteal AT with 6 and 20 echoes (PDFF: P < 0.0001 each, T 2 *: P = 0.03 / P < 0.0001 for 6/20 echoes). 6-echo T 2 * demonstrated higher standard deviations and broader ranges than 20-echo T 2 *. Regression analyses revealed a strong relationship between PDFF and T 2 * values per AT compartment (R 2 = 0.63 supraclavicular, R 2 = 0.86 gluteal, P < 0.0001 each). Data Conclusion: The present findings suggest that an increase in the number of sampled echoes beyond 6 does not affect AT PDFF quantification, whereas AT T 2 * is considerably affected. Thus, a 20-echo gradient-echo acquisition enables a multiparametric analysis of both AT PDFF and T 2 * and may therefore improve MR-based differentiation between white and brown fat. Level of Evidence: 2 Technical Efficacy Stage: 2
B ROWN ADIPOSE TISSUE (BAT) is capable of thermogenesis through dissipation of chemical energy as heat via uncoupling protein 1 (UCP-1), which uncouples oxidative phosphorylation from adenosine triphosphate-production. 1 BAT differs from white adipose tissue (WAT) by having smaller adipocytes, an abundance of mitochondria, a centrally located nucleus, multiple small triglyceride droplets, and more intracellular water. 2, 3 A richer vasculature in BAT causes a higher blood perfusion and oxygenation compared with WAT. 4 In adults, BAT can be mostly found in the supraclavicular and cervical region. 5 Of note, recent studies have brought forth evidence for two types of BAT in humans: "classical" BAT and "beige" or "brown-in-white/BRITE" fat. [6] [7] [8] [9] BAT has gained interest in obesity research, as activation of BAT has been shown to increase energy expenditure, and an inverse correlation between body mass index (BMI) and the presence of metabolically active BAT has been repeatedly shown. 5, [10] [11] [12] [13] [14] Based on these findings, several studies have investigated BAT recruitment and activation as a therapeutic approach for obesity, elevated triglyceride concentrations, and diabetes. [15] [16] [17] In recent years, magnetic resonance imaging (MRI) chemical shift encoding-based fat quantification techniques have gained attention as a novel noninvasive imaging method for detecting and characterizing BAT, being independent from metabolic activity, free of ionizing radiation, and without the need of intravenous contrast, [18] [19] [20] [21] as compared with the commonly used [18F]-2-fluoro-2-deoxyglucose-positron emission tomography (FDG-PET) and computed tomography (CT). These MRI techniques can be used for differentiating the compositional difference between WAT and BAT based on simultaneous mapping of the proton density fat fraction (PDFF) and T 2 * relaxation time. 22 Specifically, there have been multiple studies showing that PDFF is lower in the BAT-containing supraclavicular region compared with WAT depots, presumably due to the lower lipid content and higher water content of BAT compared with WAT. [23] [24] [25] [26] T 2 * relaxation times also have been reported to be shorter in supraclavicular fat compared with WAT, accounting for the increased microscopic magnetic field inhomogeneity due to the increased water content, the presence of mitochondria, and the different perfusion and oxygenation of the supraclavicular fat. However, the range of adipose tissue T 2 * values reported in the literature for either supraclavicular adipose tissue or WAT is relatively wide, varying over dozens of milliseconds, and is primarily based on 6-echo data. 18, [27] [28] [29] To estimate T 2 * and PDFF simultaneously, a complexbased water-fat separation technique is typically performed on complex data from a multigradient-echo sequence. 30 This technique uses an a priori fixed fat spectrum model as additional input and is extensively and primarily studied in terms of the accuracy and precision in the PDFF estimate, as T 2 * is often treated as a nuisance parameter to account for the otherwise confounding effect of signal relaxation on the water-fat estimation. Echo times are mainly optimized for the estimation of PDFF, which is also shown to be very robust with respect to different a priori fat spectrum models. [30] [31] [32] The quantitative T 2 * estimation has higher signal-to-noise ratio (SNR) requirements compared with PDFF. Increasing the number of echoes in a multiecho gradient echo acquisition with a constant echo time step is expected to at least enhance the precision of adipose tissue T 2 * mapping by increasing both the maximum echo time and the number of sampled echoes.
Thus, the purpose of this study was to mitigate T 2 *-measurement errors through experimental design and to investigate in vivo the gluteal and supraclavicular adipose tissue PDFF and T 2 * relaxation times and their relationship using a 20-multiecho gradient echo acquisition in comparison with a 6-echo dataset.
Materials and Methods
The effect of the underlying fat spectrum on the chemical shift encoding-based water-fat separation results was addressed in simulations and in vivo measurements for different numbers of sampled echoes by varying the number of fat peaks and their peak locations in a physiologically meaningful range.
Simulations
The structure of triglycerides can be characterized using different variables: the number of -CH = CH-double bonds per molecule (ndb), number of double bonds separated by a single CH 2 (nmidb, number of methylene-interrupted double bonds), and the fatty acid chain length (CL). With a fixed CL of 17.5, following the assumptions of Ref. 33 , fat spectra were parametrized in ndb and nmidb and varied in the range [2.83-0.2, 2.83 + 0.2] for ndb and in the range [0.74-0.2, 0.74 + 0.2] for nmidb with either 6 or 10 fat peaks. A ground truth signal evolution was simulated from a single-T 2 * water-fat model with the following parameters: fat fraction = 95%, CL = 17.5, ndb = 2.83, nmidb = 0.74, field map = 10 Hz, T 2 * = 45 msec, number of fat peaks = 10, with peak locations from Ref. 34 (see also Table 1 ), based on the fatty acid composition parameters previously reported in superficial subcutaneous fat. 33 Signals with physiological variation of the fat spectrum were simulated without noise and sampled starting from TE 1 = 1.22 msec with different numbers of echoes equally spaced by ΔTE = 1 msec. Parameter estimation for a complex-based waterfat separation accounting for a single T 2 * determined the bias as the difference of the estimated T 2 * from the assumed input T 2 *. 30 Based on the study by Pineda et al., 32 theoretical Cramér-Rao lower bounds (CRLB) for the variance of the T 2 * estimates were computed in order to analyze the noise performance.
In Vivo Measurements SUBJECTS. Subjects were recruited at the Institute for Nutritional Medicine, Klinikum rechts der Isar, Technical University of Munich, in a study initially designed to investigate the basal metabolic rate. 35 The study protocol was approved by the ethical committee of the Faculty of Medicine of the Technical University of Munich, Germany. Written informed consent was obtained from all subjects prior to scanning. Exclusion criteria for MRI measurements were pregnancy and standard contraindications for MRI examinations. The study design as well as the results regarding associations between MR and clinical parameters have been previously described in detail. 23, 35 For this analysis, we focused on a subset of subjects where a 20-multiecho gradient echo acquisition of the supraclavicular and pelvic region had been performed. MRI MEASUREMENTS. Subjects underwent an MRI of the neck and the abdomen/pelvis on a 3 T Ingenia scanner (Philips Healthcare, Best, Netherlands) using a head-neck coil and a combination of anterior and posterior coil arrays, respectively. Scans were performed in an air-conditioning-controlled scanner room (21 C) after some acclimatization time. 37, 38 PDFF maps were generated offline using a complex-based water-fat signal model, accounting for known confounding factors including the presence of multiple fat peaks based on the previously determined subcutaneous fat spectrum 33 and a single T 2 * decay. 30 The separation was performed offline using a generalized formulation for parameter estimation in MR signals of multiple chemical species, 39 based on routines written in MatLab (MathWorks, Natick, MA). The water-fat separation was performed assuming fat spectrum models slightly varying in ndb (ndb1 = 2.83, ndb2 = 2.74) once on the first 6 echoes and once on the full 20 echoes.
Imaging Data Analysis PDFF AND T 2 * MAP SEGMENTATION. For the segmentation of the supraclavicular fat depot, an in-house semiautomatic segmentation tool implemented in MatLab was used, as previously described in detail. 23 Average PDFF-values (in %) as well as T 2 * times of each resulting volume of interest were recorded. A similar procedure was performed in the gluteal fat pad posterior of the iliac bone bilaterally, delineating the subcutaneous fat deep to the Scarpa's fascial layer, Fig. S1 . Segmentations were performed by a radiologist with 6 years of experience in the field of whole-body imaging. To assure reproducibility, segmentations were performed independently by a second reader, a medical student trained in supraclavicular and gluteal adipose tissue depot segmentations, in~20% of the subjects (n = 4), and the interreader agreement for the resulting T 2 * and PDFF values was calculated. T 2 * maps were not filtered to lie in a given range for the entire analysis.
Statistical Analysis
The Shapiro-Wilk test indicated that the vast majority of the values were not normally distributed. Data are expressed as mean; median (standard deviation [SD]; range), unless stated otherwise. Interreader agreement of the PDFF and T 2 * values resulting from the segmentations was evaluated using the intraclass correlation coefficient (ICC). 40 Agreement was classified as poor (ICC = 0.00-0.20), fair to good (ICC = 0.40-0.75), or excellent (ICC > 0.75). 41 Mann-Whitney test was used for comparison of PDFF and T 2 * values between the two adipose tissue compartments. Wilcoxon signed-rank test was used to compare the 6-echo vs. 20-echo data regarding PDFF and T 2 * in the supraclavicular and gluteal adipose tissue. Simple linear regression analysis was used to study the relationship between T 2 * and PDFF per adipose tissue compartment. T 2 * values used in the regression analysis between PDFF and T 2 * were based on T 2 * maps filtered to lie in the range between 0 msec and 100 msec (by setting T 2 * values higher than 100 msec to 100 msec and by setting T 2 * values lower than 0 msec to 0 msec) to prevent outliers from affecting the investigated relationship between PDFF and T 2 *. 
Results

Simulations
As shown in Fig. 1 , signal magnitude evolution curves of physiologically varying underlying fat spectra with different peak locations (Table 1 ) and amplitudes differed noticeably at certain sampled echoes, especially around 6 sampled echoes. This indicates difficulties in T 2 * estimation when assuming an inaccurate underlying fat spectrum. Figure 2 shows R2*/ T 2 * bias maps for the simulated ndb and nmidb ranges when using only the first 6 echoes. The worst-case bias of the bias maps when repeated for 6-20 echoes is plotted in Fig. 3 . While the bias was very high with 6 echoes, increasing the number of echoes strongly decreased the worst-case bias, ie, increased the accuracy. The observed increased accuracy for 20-echo estimations was also accompanied by an increase in precision, which is depicted as the decreasing noise variance or the increasing number of signals averaged (NSA) over the number of echoes in Fig. 3 resulting from the CRLB analysis.
In Vivo Measurements
In total, 21 subjects (14 women and 7 men) were included in the analysis. BMI ranged from 17. First, the dependence of the gluteal fat T 2 * values on the employed fat spectrum was investigated. Figure 4 shows T 2 *-maps from an example gluteal dataset reconstructed with a different number of echoes (6 versus 20) and two different fat spectra only slightly varying in ndb (ndb1 = 2.83, ndb2 = 2.74). The quality of T 2 *-maps was highly variable when only 6 echoes were used and noticeably more homogeneous for 20 echoes. T 2 *-maps showed the highest spatial homogeneity in the 20-echo data independent of the employed fat spectrum (see Fig. 4 ). Estimated T 2 * voxel values appeared dependent on the employed fat spectrum when only 6 echoes were used, while they were not affected by the fat spectrum when all 20 echoes were used. With 6 echoes, mean T 2 * AE SD was -47.5 AE 550.9 msec for ndb1 = 2.83 and 49.6 AE 82.7 msec for ndb2 = 2.84 in gluteal adipose tissue, resulting in a mean paired difference of 97.03 msec. Mean gluteal adipose tissue T 2 * with 20 echoes was 37.4 AE 8.3 msec for ndb1 = 2.83 and 37.0 AE 7.8 msec for ndb2 = 2.74, resulting in a mean paired difference of -0.12 msec. Negative voxel values of T 2 * in the 6-echo data, resulting in the negative mean T 2 * in gluteal adipose tissue, could be found in the adipose tissue, but not in the nonadipose skeletal muscle, as the high noise and the large extent of artifacts (see Figs. 4 and 5) was confined to adipose tissue.
Next, the dependence of the supraclavicular and gluteal fat PDFF and T 2 * values on the number of echoes was investigated. Examples of in vivo T 2 * and PDFF maps are shown in Fig. 5 , and Table 2 summarizes the most important group statistics.
When employing 6 echoes, supraclavicular adipose tissue showed a mean PDFF of 79.3% and a median of 79.2% (SD, 6.0%; range, 64.8%-87.3%), while gluteal adipose tissue PDFF showed a mean of 90.8% and a median of 92.3% (SD, 4.5%; range, 81.4%-96.2%). The 20-echo-data in the supraclavicular adipose tissue showed a mean PDFF of 82.5% and a median of 82.3% (SD 5.3%; range, 68.8%-89.4%), while gluteal PDFF resulted in a mean of 93.7% and a median of 95.1% (SD, 3.4%; range, 86.4%-97.4%) ( Fig. 6 and Table 2 ).
The 6-echo analysis resulted in a mean supraclavicular T 2 * of 14.9 msec; median 29.6 msec (SD, 360.2 msec; range, -1908.3 msec -1118.9 msec), while in gluteal adipose tissue, mean T 2 * was -47.5 msec, median 58.3 msec (SD 550.9 msec; range -3134.9 msec -302.7 msec). With 20 echoes, T 2 * values showed smaller standard deviation and narrower ranges with mean supraclavicular T 2 * of 22.2 msec; median 19.4 msec (SD, 19.5 msec; range, -47.8 msec -90.9 msec) and a mean gluteal T 2 * of 37.4 msec; median 39.0 msec (SD, 8.3 msec; 23.8 msec -61.6 msec) ( Fig. 6 ). Therefore, the T 2 * values showed overall a broad range with 6 echoes and a narrower range with 20 echoes, and the SD for T 2 * were markedly higher with 6 echoes compared with 20 echoes. The Mann-Whitney test indicated a significant difference between supraclavicular and gluteal PDFF when employing both 6 echoes and 20 echoes (P < 0.0001 each, Table 2 ). Comparison of T 2 * values also revealed strong differences between supraclavicular and gluteal adipose tissue for both 6-and 20-echo data, with P = 0.03 for 6 echoes and P < 0.0001 for 20 echoes (Fig. 6 , Table 2 ).
When comparing the 6-echo PDFF to the 20-echo PDFF, a significant difference became visible with higher median 20-echo-PDFF in both supraclavicular and gluteal adipose tissue compared with the 6-echo-PDFF (P < 0.0001) ( Fig. 6 , Table 2 ). When comparing the 6-echo T 2 * to the 20-echo T 2 *, a significant difference was only visible for the gluteal T 2 *, with a shorter T 2 * in the 20-echo data compared with the 6-echo data (P = 0.03). (Table 2 and Fig. 6 ).
The relationship between PDFF and T 2 * was investigated last using the filtered T 2 * values. Simple linear regression analyses resulted in a strong relationship between T 2 * and PDFF values in both supraclavicular (R 2 = 0.633, P < 0.0001) and gluteal (R 2 = 0.862, P < 0.0001) adipose tissue for the 20-echo-data (Fig. 7) . The slope was stronger in the gluteal fat than in the supraclavicular fat (2.01 vs. 0.58).
Discussion
The present analysis shows a markedly decreased range and standard deviation in T 2 * relaxation times in supraclavicular and gluteal adipose tissue using a 20-multiecho gradient echo acquisition in comparison to a 6-echo dataset. Regression analyses showed a strong relationship between PDFF and T 2 * in both supraclavicular and gluteal fat with 20 echoes. Both PDFF and T 2 * differed significantly between supraclavicular and gluteal fat with both 6 and 20 echoes. In addition, supraclavicular and gluteal PDFF as well as gluteal T 2 * differed significantly between the 20-and the 6-echo-dataset.
With the discovery of active BAT in adults, methods to detect BAT started to be intensively investigated in order to learn more about the presence and function of BAT, as studies have suggested a clinically relevant role of BAT in metabolic health. 12, 14 Identification and characterization of BAT with MRI are mostly based on fat-signal fractions and T 2 * relaxation times. 25, 27 However, there is a relatively wide range of adipose tissue T 2 * values reported in the literature for both supraclavicular and white adipose tissue, and published data are primarily based on six echoes. 18, 27, 28 An increase in the number of echoes in a multiecho gradient echo acquisition is expected to improve the precision in T 2 * estimation and to reduce the noise in T 2 * mapping. In addition, the effect of the underlying fat spectrum on the estimation of T 2 * using a chemical shift encoding-based water-fat separation is still unknown.
It is a common practice in most previous works performing a T 2 * correction in water-fat separation to filter the T 2 * values so that they lie within a predefined range. 42 The present work did not perform any filtering or clipping of the T 2 * values when comparing T 2 * values from 6-echo and 20-echo datasets to especially show the challenges in estimating T 2 * values in adipose tissue. That is the reason why reported T 2 * values were negative in part of the reported 6-echo data. It is worth noting that negative or very large T 2 * values were observed when using the 6-echo data in the adipose tissue regions, but not within the skeletal muscle. T 2 * values from the 20-echo acquisition were only filtered in the regression analysis between PDFF and T 2 *.
The present findings relate the effects of different sources of errors on T 2 * estimation of adipose tissue. First, simulations and in vivo results clearly showed that, in contrast to PDFF, the T 2 * estimates in adipose tissue obtained from a standard Range in parentheses for the supraclavicular and gluteal fat PDFF and T2* using the 6-echo and the 20-echo datasets. PDFF: proton density fat fraction. complex-based water-fat separation technique heavily depend on the assumed a priori fat spectrum and a mismatch leads to high inaccuracies of up to a bias of~100 msec. Second, simulations showed an enhanced precision of T 2 * with the number of echoes of the multiecho gradient echo acquisition. Third, motion artifacts would be in general expected to result in different spatial patterns across echoes and therefore to affect less the T 2 * estimation as the number of sampled echoes increases.
The results of the present in vivo analysis show a significantly broader range of T 2 * relaxation times in the 6-echo dataset compared with the 20-echo dataset. This result is in line with the literature, also reporting on a wide variety of T 2 * values. 18, 27, 29 There are multiple potential effects explaining the large spread of T 2 * values when using 6 echoes, including the effect of the assumed underlying fat spectrum on the estimation of T 2 *, the poor noise performance, and the effect of motion artifacts. In the 20-echo dataset, the T 2 * estimation presumably became independent of the assumed underlying fat spectrum, had improved precision in T 2 * estimation, and was less affected by motion artifacts. However, the number of sampled echoes did not affect the variability of the PDFF values. This leads to the assumption that PDFF is a robust biomarker for BAT, which can already be determined based on a relatively small number of sampled echoes (6), while T 2 * values are more sensitive to the number of sampled echoes.
The significant difference between the PDFF in different fat regions for both 6-and 20-echo data detected in the present analysis is in accordance with results from other studies where the MRI fat fraction differed between supraclavicular and subcutaneous adipose tissue, presumably due to differences in adipose tissue composition and the presence of BAT in the supraclavicular, but not in the subcutaneous adipose tissue. 23, 24, 26 The assumption of a difference in T 2 * relaxation times in BAT compared with WAT is based on the knowledge about differences in tissue composition, with BAT having more mitochondria and thus a higher iron content as well as denser vasculature. The finding that T 2 * relaxation times were significantly different between fat depots both in both the 20-echo and the 6-echo-dataset despite the broad range and the high standard deviation of the 6-echo data compared with the 20-echo data is presumably based on the use of ranks for the comparison analyses, leading to a lower sensitivity regarding the wide variability of values.
The analysis presented here also resulted in an association between PDFF and T 2 * relaxation times in both gluteal and supraclavicular fat. The dependence of the T 2 * relaxation time on PDFF in tissues containing lipid droplets has been previously related in part to the magnetic susceptibility difference between water and fat. 43 Such a contribution of the magnetic susceptibility difference between water and fat on tissue T 2 * would be expected to be higher in gluteal fat and lower in supraclavicular fat, where more other sources of T 2 * shortening are present (eg, mitochondria, vasculature). A stronger contribution of the magnetic susceptibility difference between water and fat on tissue T 2 * in gluteal fat compared with supraclavicular fat might also in part explain the higher R 2 between PDFF and T 2 * relaxation time in the gluteal fat as compared with the supraclavicular fat, as well as the stronger slope of the dependence of T 2 * relaxation time on PDFF in the gluteal fat than in the supraclavicular fat.
The focus of the present analysis lies entirely on static T 2 * measurements of supraclavicular fat. The shown decreased range and standard deviation in supraclavicular T 2 * relaxation times would be necessary in studies aiming at tracking the activation status of BAT using T 2 * measurements of supraclavicular adipose tissue based on the blood oxygenation level-dependent (BOLD) effect. 27, 44, 45 The present study has some limitations. First, histology was not used as the gold standard diagnostic tool for identifying BAT. Without adipose tissue biopsy samples, it is not possible to ultimately substantiate the presence of BAT as well as the cellular characteristics of the depots under investigation. Second, the present analysis used a water-fat signal model with a single T 2 * decay, assuming a common T 2 * relaxation time for water and all fat peaks. Although a difference in T 2 * between water and fat cannot be excluded, a dual T 2 * decay water-fat signal model was not adopted because of the poor noise performance of a dual T 2 * decay water-fat signal model, especially for the present regime of fat fractions typically above 70%. Third, the present work did not perform any formal analysis on the minimal number of echo time samples needed to robustly measure adipose tissue T 2 *. The employed number of 20 echoes was chosen to provide a reasonable balance for the current experimental settings (echo time step and SNR) between achieving homogeneous adipose tissue T 2 * mapping and not extensively increasing the total scan time. However, the selection of the number of echo times for robust adipose tissue T 2 * mapping would in general depend on the employed echo time step and the underlying SNR. Fourth, when performing PDFF and T 2 * measurements with MRI, partial volume effects have to be taken into account, as these parameters cannot differentiate between intracellular water content and nonlipid tissue portions (eg, from vessels) within a voxel. The isotropic voxel size in our study measured 2 mm in each dimension; thus, partial volume effects from very small vessels, nerves, and adjacent muscles cannot be excluded.
In conclusion, the present findings suggest that adipose tissue PDFF quantification is not affected by the number of sampled echoes, whereas adipose tissue T 2 * is more significantly affected by the number of sampled echoes when increasing the number of sampled echoes beyond 6. A 20-echo multiecho gradient-echo acquisition thus enables a multiparametric analysis of both adipose tissue PDFF and T 2 * and may improve the MR-based differentiation between white and brown fat.
